Low-Reynolds Number Effects in Ventilated Rooms:A numerical study by Davidson, Lars et al.
 
  
 
Aalborg Universitet
Low-Reynolds Number Effects in Ventilated Rooms
A numerical study
Davidson, Lars; Nielsen, Peter V.; Topp, Claus
Publication date:
2000
Document Version
Publisher's PDF, also known as Version of record
Link to publication from Aalborg University
Citation for published version (APA):
Davidson, L., Nielsen, P. V., & Topp, C. (2000). Low-Reynolds Number Effects in Ventilated Rooms: A numerical
study. Dept. of Building Technology and Structural Engineering, Aalborg University. Indoor Environmental
Engineering Vol. R0046 No. 121
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.
Downloaded from vbn.aau.dk on: November 29, 2020
(J
) 
:::0
 
m
 r
 
....
-+
-
0 
=R
 
0 
c 
0 
CD
 
~
 
r-
0.
. 
3 
(
)
 
I 
tJ
 
'<
 
....
-+
-
:::0
 
Q
) 
(/
) 
(/
) 
S
. 
. .
 
-·
 
CD
 
Q
. 
~
 
::J
 
'<
 
C
l) 0 
::J
 
~::
J 
z 
<
 
0 
:1J
 
CD
 
~
 
c 
::J
 
0
..
 
3 
'"""
"" 
(/
) 
<
 
-·
 
-
z 
Ci)
• 
CD
 
m
 
-Cl) 
l 
....
-+
-
c 
Cl>
 
-·
 
CD
 
~::
J 
(
)
 
3
• 
m
 
0.
. 
0 
-
0
"
 
0'
 
CD
 
l 
""
0 3J
 
P
ap
e
r 
N
o
 1
21
 
In
do
or
 E
nv
iro
nm
en
ta
l 
E
ng
in
ee
rin
g 
In
: P
ro
ce
ed
in
gs
 o
f R
O
O
M
V
E
N
T
 2
00
0
, 7
th
 I
nt
er
na
tio
na
l 
C
on
fe
re
nc
e 
on
 A
ir
 D
is
tr
ib
ut
io
n 
in
 R
oo
m
s
, R
ea
d
in
g
, 
0 
0 
9 
0 
0~
 i
\l 
~
 
m
 
eo 
U
K
,J
ul
y 
9-
1
2
, 2
00
0
, V
o
l. 
I, 
pp
. 3
07
-3
12
 
, 
I 
I 
-
-
-
.... 
.. .
.. 
~
 
~
 
I 
f 
I 
, 
-
..
..
..
.
... 
'
'1
 
I 
f 
I 
I 
-
' 
' 
' 
I 
'I'
 
r 
r 
; 
I 
\ 
\ \
 l!' 
9 
~ 
r 
r 
1 
I 
tJ1
 
I 
! 
I 
I 
' 
I 
~ I
 
t 
1 
r 
I 
I
\
~
~
 
i 
r 
r 
, 
l 
I 
q 
f 
! 
I 
, 
I 
I 
\ 
lq
 
f 
l 
I 
I 
I 
' '1
1 
l 
1 
, 
l 
I 
I 
j.
 
i 
, 
, 
\ 
I 
JJ
 '
 
i 
I 
\ 
\ 
I 
IJ 
, 
1 
\ 
\ 
\ 
I 
I li
 
, \ \
 
-
1·,
1m
 
I 
I 
' 
' 
-
"' 
I 
1
//1
1' 
-
/ 
l/
1
1
1 '
"'
 
~
 r'
, ... 
-
-
-
/ 
,/
 I
 I
 I
'
 '"1
 
•,
'
-
-
-
-
r 
,
/
I
 
I 
• 
·•j
 
The Indoor Environmental Engineering papers are issued for early dissemination of 
research results from the Indoor Environmental Engin~ering Group at the Department of 
Building Technology and Structural Engineering, Aalborg University. These papers are 
generally submitted to scientific meetings, conferences or journals and should therefore not 
be widely distributed. Whenever possible, reference should be given to the final publications 
(proceedings, journals, etc.) and not to the Indoor Environmental Engineering papers. 
Printed at Aalborg University 
~ 
Low-Reynolds Number 
Effects in Ventilated 
Rooms: A Numerical 
Study 
L. Davidson, P. V Nielsen, C. Topp, 

LOW-REYNOLDS NUMBER EFFECTS IN 
VENTILATED ROOMS: A NUMERICAL STUDY 
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ABSTRACT 
In ventilated rooms the flow is often not fully turbulent because the Reynolds number is too low. 
When the flow is not fully turbulent, the traditional RANS (Reynolds Averaged Navier-Stokes) 
method employing k - E: or k - w is not suitable, because this method has difficulties in treating 
regions where the flow is laminar or not fully turbulent. There exist a number of low-Re number 
k- E: and k-w models, but they have all been designed to treat low-Re number effects close 
to walls, not regions where the flow becomes laminar far from the walls, as occurs in ventilated 
rooms. In the present study, we use Large Eddy Simulations (LES) which is a suitable method 
for simulating the flow in ventilated rooms at low Reynolds number. 
EQUATIONS 
With a spatial, inhomogeneous filter (denoted by a bar) applied to the incompressible Navier-
Stokes equations, we obtain the momentum and continuity equations for the large scale motion 
au; + ~ (u ·u ·) _ -~ ap + v 82u; _ arii au; = 0 
{)t 8Xj 1 J - p 8Xi 8Xj8Xj 8Xj ' 8Xj 
(1) 
where the subgrid stress tensor is given by Tij = u;u; - u;iij, and is modelled as 
- k !. - - 1 ( au; aui) 
Tjj = -2VsgsSij = -2Chumb.klgsS;j, S;j = 2 axj + 8x; . (2) 
•on leave from Dept. of Thermo and Fluid Dynamics, Chalmers University of Technology 
The Dynamic One-Equation Model 
In the present study, a one-equation dynamic subgrid model (Davidson 1997) is used. 
model, the modeled k595 equation can be written 
In this 
{3) 
In the production term, the dynamic coefficient Ck is computed in a way similar to that used 
in the standard dynamic model (Davidson 1997). The coefficient in front of the dissipation term 
C! is computed by assuming that the transport of the SGS kinetic energy on the grid level (k595 ) 
is equal to the transport of the SGS kinetic energy on the test level {K). The production term in 
the ksgs equation is computed as 
(4) 
Please note that in the production term a local coefficient Ck is used, whereas in the momentum 
equations and in the diffusion &erm in the k5gs equation a homogeneous (constant) coefficient ctm. 
is used. For more details, see Davidson (1997), Krajnovic and Davidson (1999) and Sohankar, 
Davidson, and Norberg {2000). 
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FIGURE 1: Unsteady, 2D laminar computations. Time-averaged flow field. Left: QUICK; right: central 
differencing. 
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FIGURE 2: LES. Left: predicted velocity field (t1}zt and (ti}zt· Right: peak velocity along the ceiling 
(solid line); the dashed line represents u/Uin,max = Kp(x/h)- 112 with Kp = 2.03. 
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RESULTS 
A finite volume code is used. For space discretization, central differencing is used for all terms. 
(For the 2D, unsteady, laminar computation, either the QillCK scheme or the central-differencing 
scheme was used for the convective terms.) Crank-Nicolson scheme is used for time discretization. 
The inlet is located at the left wall, immediately below the ceiling. The outlet is located at the 
left wall immediately above the floor. The Reynolds number is Re = Uinhlv = 600 (where Uin 
denotes the bulk velocity) and L I H = 1.68, W I H = 1.44, hi H = 0.008. Inlet and outlet extend 
over the whole width of the room. 
The boundary conditions are as follows. At the inlet we have laminar flow, i.e. ii = iJJ = k89, = 
0 and a parabolic profile for u. At all walls u = ii = iJJ = k898 = 0. At the outlet a constant u 
is set from global continuity. The streamwise gradient is set to zero for the other variables. The 
normal gradient of p is set to zero at all boundaries. 
A 80 x 80 x 48 mesh is used. Constant spacing is used in the x and z directions. The cell near 
the floor (y = 0) has D.y I H = 0.0105. The cells are then stretched by 8% in the y direction up 
to yiH = 0.5 (celll to 22). From yiH = 0.5 the cells are compressed by 8% up to yiH = 0.992. 
Ten cells (constant D.y) cover the inlet . 
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FIGURE 3: Velocity profiles. Lines: LES; markers: experiments. 
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FIGURE 4: Left: time history. Right: probability function. Point Pl: x = 0.3H, y = 0.997H, z = 0.5W; 
point P2: x = 1.3H, y = 0.997H, z = 0.5W. 
Unsteady Laminar Two-Dimensional Flow 
Initially we assumed that flow was fully laminar, and we computed the flow by solving the uns-
teady, laminar, two-dimensional equations. We used two different discretization schemes for the 
convective terms: the QUICK scheme and the central-differencing scheme. The time-averaged 
flow fields are presented in Fig. 1. When the QUICK scheme is used the wall jet stays attached 
to the ceiling up to x ~ 1.2H. When, however, the central-differencing scheme is used, the wall 
jet detaches from the ceiling at x ~ 0.5H and falls down to the floor. The reason is believed 
to be due to the fact that the QUICK scheme is dissipative but the central-differencing scheme 
is not. That a scheme is dissipative means that it dampens oscillations, both numerical as well 
as physical ones. The central-differencing scheme does thus not dampen the oscillations in the 
wall jet, oscillations which may both be numerical as well as physical due to unsteadiness. The 
oscillations increase the entrainment into the wall jet. This is probably the main reason why the 
predicted wall jet falls down to the floor when central differences are used. 
RANS With k - w Model 
Some attempts to compute the flow using a traditional RANS have also been carried out. The 
CALC-BFC code was used together with the k-w model of Peng et al. (Peng, Davidson, and 
Holmberg I997). Since the inlet conditions are laminar, it is not clear which boundary conditions 
should be used for k and w. The local turbulence intensity was set to 0.01, and the inlet value 
for w was varied between W;n = Vkfu/(O.lh) (gives llt,in ~ 32v) with and W;n = k/(O.Iv) (gives 
llt,in = O.lv). The variations of W;n did not produce any changes in the flow pattern. It should 
here be mentioned that k-w models are superior in treating flow which is close to being laminar, 
since the w equation behaves well even if k goes to zero. On the contrary, the £ equation in k - E: 
4 
models causes problems when k goes to zero, since the c equation includes the ratio c/k. 
The predicted flow field is very different from the laminar ones. The wall jet detaches from the 
ceiling almost immediately after the inlet. Both the QUICK scheme and the Hybrid scheme were 
tested, but they gave the same predicted flow field . The predicted flow fields differ very much 
from the experiments, and it seems that RANS is unable to predict this kind of low-Re number 
flow. 
Large Eddy Simulations 
Here the predictions using Large Eddy Simulations are presented. A time step of tlt = 0.0026H /Uin 
was used which gave a maximum convective CFL number of CF Lmax ~ 0.9. As initial flow field 
an instantaneous 2D laminar flow field was employed. The predicted results presented here have 
been averaged for a period ofT= 65H/Uin 1 and also averaged in the spanwise direction between 
0.15 ::; z/W ::; 0.85; this is denoted as (.)zt· 
The predicted vector field is presented in Fig. 2, and as can be seen, the wall jet stays attached 
to the ceiling up to xj H ~ 1.4. In Fig. 2 the peak velocity in the wall jet is also shown. The peak 
velocity decays as x- 112 and the dashed line represents the curve (u)zt/Uin,max = Kp(xjh)- 112 with 
KP = 2.03. The corresponding experimental value is KP = 2.39 (Topp, Nielsen, and Davidson 
2000). Please note that at the inlet a parabolic profile is prescribed in the predictions, and Uin,max 
denotes the maximum value of the inlet profile. 
In Fig. 3 the predicted u profiles are compared with experiments (Topp, Nielsen, and Davidson 
2000). The agreement is, as can be seen, fairly good, at least up to x/H = 0.6. Downstream of 
this position it seems that the experimental wall jet more or less vanishes, and the experimental 
velocities decays much faster for increasing x than the predicted ones. 
In Fig. 4 the predicted time history of u at two different points in the room are presented. Point 
Pl is located in the wall jet, and and the flow seems to be fully turbulent. However, when looking 
at the energy spectrum for that point, it is clearly seen that the flow is not fully turbulent, as the 
spectrum does not show any -5/3 region, see Fig. 5. The probability of u at Point Pl (Fig. 4) 
exhibits the usual form, with a well-defined peak at the mean value of Umean/Uin ~ 0.3 (which is 
also seen from the time history), and its distribution is close to Gaussian. Point P2 in Fig. 4 is 
located in the region where the wall jet separates. Here the frequency of u is much lower. From 
the time history it is seen that the velocity at some instances go down to large negative values 
(u/Uin ~ -0.25). This is also sen from the probability function, where a tail of large negative u 
can be seen. The probability is very low, almost zero; this is because, as can be seen from the 
time history, it happens only once. 
The spectrum in Fig. 5 for point P2 shows a region where the spectrum exhibits a -5/3 
behavior, which should indicate that the flow were fully turbulent . However, from the time 
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FIGURE 5: Density spectrum of il at two points Pl & P2 (see Fig. 4). The dashed lines show ifJ ex: J-5/3. 
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FIGURE 6: Turbulent profiles at z = 0.5W. Thick solid line: (v39s)ztfv; thin solid line: Vk/U;n, dashed 
line: ~{ksgs)zt/Uin· 
history in Fig. 4, it seems that the flow cannot he characterized as turbulent, because no high 
frequencies are present. The flow at this point, which is in the separation region, is dominated 
by large, unsteady structures. This can also be seen when the flow in the mid-plane (z = W/2), 
is visualized as a movie. The~ flow in the whole room can probably best be characterized as 
transitional. 
In Fig. 6 profiles of the square root of the resolved turbulent, kinetic energy k = ( (u12 }zt + 
(v12}zt + (w12}zt)/2 are shown. As mentioned above, the flow is not believed to be fully turbulent, 
but it should rather be called transitional. Thus, although we call it "turbulent kinetic energy", 
k should here be taken as a measure of the kinetic energy of the large, unsteady structures (the 
streamwise fluctuation, for example, is defined as (u12}zt = ((u- (ii}zt)2}zt)· From Fig. 6 it can 
be seen that the SGS kinetic energy ksgs is rather large compared to k, and in the wall jet at 
x = 0.3H ksgs is even larger. However, the SGS stresses (not shown here) are much smaller that 
the corresponding resolved stresses. The SGS viscosity V398 is also shown in Fig. 6, and as can been 
it is everywhere smaller than 5v. This is typical in a well-resolved LES. Recall that in RANS, the 
turbulent viscosity is typically two to three orders of magnitude larger than the physical viscosity. 
CONCLUSIONS 
In the present work the flow in a ventilated room at low Reynolds number (Re= 600) has been 
simulated both with 2D unsteady laminar approach, RANS and LES. Only LES proved to be 
capable of predicting this flow. 
Acknowledgment 
The first author was financed by a VELUX guest professor ship. 
REFERENCES 
Davidson, L. (1997). Large eddy simulation: A dynamic one-equation subgrid model for three-
dimensional recirculatingflow. In 11th Int. Symp. Thrb. Shear Flow, Vol. 3, Grenoble, pp. 26.1-26.6. 
Krajnovic, S. and L. Davidson (1999) . Large-eddy simulation of the flow around a surface-mounted 
cube using a dynamic one-equation subgrid model. InS. Banerjee and J. Eaton (Eds.), The First 
International Symp. on Thrbulence and Shear Flow Phenomena, New York, pp. 741-746. 
Peng, S.-H., L. Davidson, and S. Holmberg (1997). A modified Low-Reynolds-Number k-w model for 
recirculating flows. ASME: Journal of Fluids Engineering 119, 867-875. 
Sohankar, A., L. Davidson, and C. Norberg (2000). Large eddy simulation of flow past a square cylinder: 
Comparison of different subgrid scale models (to appear). ASME: J. of Fluids Engng 122(1) . 
Topp, C., P. Nielsen, and L. Davidson (2000). Room airflows with low Reynolds number effects (to 
appear). In 7th Int. Conf. on Air Distributions in Rooms, ROOMVENT 2000, Reading, U.K. 
6 

I 
j 
I 
RECENT PAPERS ON INDOOR ENVIRONMENTAL ENGINEERING 
PAPER NO. 109: E. Bj0rn: Simulation of Human Respiration with Breathing Thermal 
Manikin. ISSN 1395-7953 R9944. 
PAPER NO. 110: P. Heiselberg: Hybrid Ventilation and the Consequences on the 
Development of the Facade.ISSN 1395-7953 R0033. 
PAPER NO. 111 : P. Heiselberg, M. Pedersen, T. Plath: Local Exhaust Optimization and 
Worker Exposure. ISSN 1395-7953 R0034 . 
PAPER NO. 112: K. Svidt, P. Heiselberg: Push-Pull Ventilation in a Painting Shop for Large 
Steel Constructions. ISSN 1395-7953 R0035. 
PAPER NO. 113: P. Heiselberg: Design Principles for Natural and Hybrid Ventilation . ISSN 
1395-7953 R0036 
PAPER NO. 114: A. Andersen, M. Bjerre, Z.D . Chen, P. Heiselberg, Y. Li : Experimental 
Study of Wind-Opposed Buoyancy-Driven Natural Ventilation. ISSN 1395-7953 R0037 
PAPER NO. 115: P. Heiselberg, K. Svidt, P.V. Nielsen: Windows- Measurements of Air Flow 
Capacity.ISSN 1395-7953 R0040 
PAPER NO. 116: K. Svidt. P. Heiselberg, P.V. Nielsen: Characterization of the Airflow from a 
Bottom Hung Window under Natural Ventilation . ISSN 1395-7953 R0041 
PAPER NO. 117: Z. Yue, P.V. Nielsen: Flow Pattern in Ventilated Rooms with Large Depth 
andWidth.ISSN 1395-7953 R0042 . 
PAPER NO. 118: P.V. Nielsen, H. Dam , L.C. S0rensen, K. Svidt, P. Heiselberg: 
Characteristics of Buoyant Flow from Open windows in Naturally Ventilated Rooms. ISSN 
1395-7953 R0043. 
PAPER NO. 119: P.V. Nielsen, C. Filholm, C. Topp, L. Davidson: Model Experiments with 
LowReynolds Number Effects in a Ventilated Room. ISSN 1395-7953 R0044 . 
PAPER NO. 120: P. Lengweiler, P.V. Nielsen, A. Moser, P. Heiselberg, H. Takai: 
Experimental Method for Measuring Dust Load on Surfaces in Rooms. ISSN 1395-7953 
R0045. 
PAPER NO. 121 : L. Davidson, P.V. Nielsen, C. Topp: Low-Reynolds Number Effects in 
Ventilated Rooms: A Numerical Study. 1395-7953 R0046 . 
PAPER NO. 122: F. Haghighat, H. Brohus, C. Frier, P. Heiselberg: Stochastic Prediction of 
Ventilation System Performance . ISSN 1395-7953 R004 7. 
PAPER NO. 123: H. Brohus, F. Haghighat C. Frier, P. Heiselberg: Quantification of 
Uncertainty in Thermal Building Simulation. Part 1: Stochastic Building Model. ISSN 1395-
7953 R0048. 
PAPER NO. 124: H. Brohus , F. Haghighat C. Frier, P. Heiselberg: Quantification of 
Uncertainty in Thermal Building Simulation. Part 2: Stochastic Loads. ISSN 1395-7953 
R0049 . 
Complete lis t of papers: http :1/iee. civil. a uc. dkli6/pu blliee. h tm I 
ISSN 1395-7953 R0046 
Dept. of Building Technology and Structural Engineering 
Aalborg University, December 2000 
Sohngaardsholmsvej 57, DK-9000 Aalborg, Denmark 
Phone: +45 9635 8080 Fax: +45 9814 8243 
http://iee .civil.auc.dk 
